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A transcriptional circuit fails to reproduce the observed protein correlations associated with 

pluripotency 

A number of screens and functional studies over the last few years have gathered a large 

amount of information on the transcriptional control of pluripotency (Campbell et al, 2007; 

Kim et al, 2008; Loh et al, 2006; Lu et al, 2009; MacArthur et al, 2012; Martello et al, 2012; 

Matoba et al, 2006; Nguyen et al, 2009; Nishiyama et al, 2013; Nishiyama et al, 2009; Sharov 

et al, 2008; Sharov et al, 2011; Tam et al, 2008; Yi et al, 2008). Functional studies of the 

networks that can be generated from these reports highlight a small number of transcription 

factors (Oct4, Nanog, Sox2, Esrrb and Tcf3) that can be assembled in a core network 

maintaining pluripotency (reviewed in (Chambers & Tomlinson, 2009; Young, 2011), and 

shown in Figure S1A). Experiments support the notion that this network forms a hub for 

pluripotency and regulates a number of secondary networks.  

The edges of the network in Figure do not necessarily represent simple direct regulatory 

events, and are based on reproducible observations. Two transcription factors, Oct4 and Sox2, 

activate each other and both regulate Nanog positively (Chew et al, 2005; Masui et al, 2007; 

Rodda et al, 2005; Sharov et al, 2008). In turn, Nanog activates Esrrb expression (Festuccia et 

al, 2012), and represses its own transcription (Navarro et al, 2012); this leads to an indirect 

feedback on Oct4, as Essrb participates in Oct4 autoregulation (Zhang et al, 2008). Oct4 

activates the expression of Tcf3, though how direct is this event is a matter for discussion 

(Sharov et al, 2008; Yi et al, 2008). Tcf3, finally, represses both Nanog and Esrrb (Martello et 

al, 2012; Pereira et al, 2006).  

We have used this regulatory network to test whether a transcriptional set of interactions 

alone are able to describe the correlation profiles between Oct4 and Nanog proteins observed 

experimentally. In order to do this we simplify the circuit by making several experimentally 

supported assumptions: 

• We consider that Oct4 and Sox2 behave as a single element (green region in Fig. S1A), 

since they positively regulate each other and thus can be expected to have similar activity 

within the network (Chew et al, 2005; Rodda et al, 2005). 

• We can also bind Oct4 and Esrrb together (blue region in Fig. S1A) because of their 

similar effect on Nanog and of the observation that they operate together in this activity 

(van den Berg et al, 2010; van den Berg et al, 2008). 

• Finally, we ignore the negative feedback of Oct4 on itself via Tcf3, and the direct auto-

repression of Nanog (Navarro et al, 2012). These simplifications rely on the observation 

that negative feedbacks promote homeostasis (Alon, 2007; Becskei & Serrano, 2000; 

Savageau, 1974), and thus are not expected to affect correlations between pairs of 
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molecules in an asymmetric way, as we experimentally observe in this study. In 

agreement with this, adding the negative feedback of Nanog does not change qualitatively 

the behaviour of our protein-interaction network, as shown in Figure S18 using the 

extended TBON model (see below). 

As a result of these simplifications, we are left with the transcriptional regulatory network 

depicted in Figure S1B, in which Oct4, Esrrb and Sox2 are combined into a single dynamical 

node whose interactions with the other circuit elements (Nanog and Tcf3) correspond to the 

sum of all interactions affecting all three proteins. This network is topologically equivalent to 

the one we have discussed before and which can account for the fluctuations of Nanog 

expression (Kalmar et al, 2009). Assuming that the dynamics of Tcf3 adapts instantaneously 

to the levels of the other two proteins (adiabatic elimination), the dynamics of the circuit 

shown in Figure S1B is described by the following two-dimensional differential-equation 

model: 

𝑑𝑁
𝑑𝑡

= 𝛼! +
𝛽!𝑁!

𝑘!! + 𝑁! + 𝑔𝐴 ! − 𝛾!𝑁, 

𝑑𝐴
𝑑𝑡

= 𝛼! + 𝛽!𝐴𝑁 − 𝛾!𝐴, 

with 𝛼! = 0.15  prot  h!!, 𝛽! = 3.75  prot  h!!,  𝛾! = 7 · 10!!  h!!, 𝑘! = 4000  prot, 𝑔 = 1, 

𝑛 = 2 𝑚 = 2, 𝛼! = 5 · 10!!  prot  h!!, 𝛽! = 9 · 10!!"prot  h!! and  𝛾! = 5 · 10!!h!!. Here 

𝑁 represents the level of Nanog and 𝐴 stands for the joint action of Oct4, Esrrb and Sox2. In 

this model, the regulated expression of Nanog is assumed to be cooperative (both for 𝑁 and 

𝐴) and subject to saturation. On the other hand, the transcriptional input on 𝐴 is considered to 

be linear in 𝑁 and to depend on 𝐴 itself (in the form of a positive feedback that accounts for 

the mutual activation between Oct4 and Sox2), and saturation is ignored.  

The typical behavior of this model is shown in Figure S1C, which plots the state of the system 

for increasing time in the 𝑁 − 𝐴 plane, as obtained from stochastic simulations, by means of 

dots, and the nullclines of the deterministic equations in blue and green lines. For the 

parameters chosen, the system has one single stable state that corresponds to high 

concentrations of Nanog and Oct4/Esrrb/Sox2. Sporadic transcriptional fluctuations might 

perturb the stable state and trigger a dynamic response that leads to a sudden decrease of 

Nanog followed by a slow decrease of Oct4/Esrrb/Sox2 levels. These decreases alleviate 

repression of the Nanog promoter; when Nanog levels are recovered so are the levels of 

Oct4/Esrrb/Sox2, thus returning the system to the high-Nanog steady state. Such a dynamic 

response, known as excitability (Rue & Garcia-Ojalvo, 2011), creates a trajectory in the 

𝑁 − 𝐴 phase space in the form of cycles, with Nanog and Oct4 levels correlated in a highly 
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nonlinear manner, thus leading to a joint distribution with a very small linear correlation 

coefficient, far away from the experimental observations (Fig. 1A). Indeed, the results shown 

in Fig. S1C are qualitatively independent on the specific functional forms considered for the 

interactions between the circuit elements, although they quantitatively depend on the shape of 

the non-linear terms involved in the reaction rates, and, more specifically on the shape of the 

nullclines. 

Thus we conclude that, on its own, the proposed transcriptional network cannot reproduce the 

correlations at the level of protein that we observe in single cells associated with 

pluripotency. 

A recent discussion of transcriptional networks has suggested situations in which a 

transcriptional network can lead to correlated levels of protein expression of its component 

elements (Munsky et al, 2012). For a case of two elements (Nanog and Oct4 in our case) such 

a correlation would require the coordinated expression of both mRNAs upon regulation by a 

third protein. In other words, the mRNAs of both elements should have the same kinetics. In 

our case, this would imply that Oct4 and Nanog mRNAs show the same distribution at the 

single cell level. However this is not observed: while in S+L conditions most of the mES cells 

express Oct4, only a subset of them express Nanog (Hayashi et al, 2008; Trott et al, 2012). 

While the transcriptional model discussed above is not comprehensive, it gives an insight into 

the limitations of transcription regulation models and their inability to reproduce the observed 

correlations of protein expression from a set of transcriptional interactions alone.   

 

Protein degradation contributes to the heterogeneity of an ES cell population 

The relevance of considering protein stabilities in the maintenance of pluripotency is 

supported by the effect that proteasome inhibition has on Nanog and Oct4 (and also β-

catenin) distribution (Fig. S2). Stopping protein degradation for just 2 h with the proteasome 

inhibitor MG132 results in increased Nanog, Oct4 and β-catenin, and also a decreased 

heterogeneity in their levels. These results are similar to culturing mES cell in 2i+L 

conditions (compare with Fig. S6A-C).  

 

Measurements of protein stabilities (half-lives) 

The average stability of the proteins can be estimated experimentally by measuring the half-

life in the presence of cyclohexamide (CHX), which stops protein translation. We have 

measured the outcome of this perturbation in two ways: through analysis of Western Blots 



5	
  
	
  

(WB) of total cell lysates, and also through quantitative immunofluorescence (QIF) analysis 

(Figure S3B-K). The WB results show that while total β-catenin is part of a very stable 

protein pool, Oct4 and Tcf3 are less stable, and Nanog is very unstable (Figure S3B). Similar 

results were obtained using QIF to estimate the rates of degradation of Oct4, Nanog, β-

catenin and Tcf3 in populations of single cells (Fig. S3C-F, K). QIF provides additional 

information that is not available in the average measurements characteristic of WBs, e.g. how 

the distribution of the cells in the scatterplots evolves after stopping protein production. The 

average immunofluorescence of the population at different times after cyclohexamide 

treatment reveals an average half-life for the proteins that is consistent with that obtained 

from Western blots of whole populations, thereby validating the use of this technique. Our 

estimates for Nanog and Oct4 proteins half-lives are in agreement with independent reports 

(Abranches et al, 2013) 

 

Fitting these results with a linear decay model (Figure S3G-J show fittings to WB data) 

confirms that the kinetics of decay is consistent with a hierarchy of protein stabilities in which 

Nanog is the most unstable element, then Oct4, and finally Tcf3 and β-catenin. This 

information is fed into the models developed below. 

A minimal competitive protein interaction network: The NOC model 

To account for the observed distributions of Nanog and Oct4 at the level of single cells, we 

first developed a simple mathematical model of the core post-transcriptional interactions 

between those two proteins. The model describes the dynamics of the concentrations of 

Nanog (N) and Oct4 (O), which interact to form a complex (hereafter denoted by O:N) (Fig. 

1F). Thus, the total amounts of Nanog and Oct4 in the system are given by 𝑁! = 𝑁 + 𝑂:𝑁, 

  𝑂! = 𝑂 + 𝑂:𝑁, respectively. The deterministic equations read: 

𝑑𝑁
𝑑𝑡

= 𝑘!𝑂:𝑁 − 𝑘!𝑂 + 𝜆! 𝑁,  

𝑑𝑂
𝑑𝑡

= 𝑘!𝑂:𝑁 − (𝑘!𝑁 + 𝜆!)𝑂,  

  
𝑑𝑂:𝑁
𝑑𝑡

= 𝑘!𝑁 · 𝑂 − (𝑘! + 𝜆!")𝑂:𝑁.     

The Nanog-Oct4 complex association and dissociation processes are represented by mass 

action kinetics with rates 𝑘!and 𝑘!, respectively. These terms assume, for simplicity, 

monomeric participation of both proteins in the complex, although the behaviour of the model 

is qualitatively the same with multimeric interaction (see below). Finally, protein and 

complex degradation is taken into account through linear decay of Nanog, Oct4 and the 

complex with rates 𝜆! , 𝜆!and 𝜆!", respectively.  
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A key assumption of this model concerns the different stabilities for the free proteins and 

protein complexes. Specifically, free Nanog is assumed to decay much faster than Oct4 and 

the complex (𝜆! ≫ 𝜆! , 𝜆!"), as suggested from the protein half-life measurements showing 

that Nanog is less stable than Oct4 (see Fig. S3). Intuitively, unstable free Nanog implies that 

the bulk of Nanog proteins will be in a complex with Oct4 and thus, loosely speaking, the 

system requires minimally one molecule of Oct4 for each molecule of stabilized Nanog. This 

provides a mechanism responsible for generation of the sharp boundary in the Nanog-Oct4 

distribution (Figure 1D in the main text and (Munoz Descalzo et al, 2012)). Figure S4G 

shows several trajectories in the state space formed by free Nanog-free Oct4-O:N complex, 

corresponding to the response of the continuous model given above to pulses of Nanog and 

Oct4 production of different amplitudes. All these trajectories have an initial transient where 

free Nanog (N) rapidly disappears in two different ways: i) if there is free Oct4 available, 

Nanog binds to it; otherwise ii) it quickly degrades. As a result, all trajectories collapse onto 

the zero-N plane and then Oct4 and O:N slowly decay to zero. If we translate the free 

variables of the system (N, O, O:N) to the measurable variables Nt and Ot, as shown in Figure 

S4H, all trajectories collapse to the line Nt= Ot. However, trajectories below this line collapse 

much faster than those above it. Thus, this line defines the O:N boundary observed in the 

experiments. 

In order to account for fluctuations in the expression of the Nanog and Oct4 genes, we have 

implemented a discrete stochastic version of the model. The transcriptional layer, for which 

no regulation is assumed, introduces noise in the network of protein interactions. The 

expression of Nanog and Oct4 is modelled with two alleles each, which can be in the active or 

inactive states, thus allowing for different transcriptional patterns which range from bursty 

infrequent expression for Nanog in S+L conditions to its uninterrupted expression in 2i+L, 

depending on the values of the state-switching rates. The full set of simplified reactions reads 

Transcriptional layer (𝛼 = 1,2) 

 𝑃!,!!
!!! 𝑃!,!!                 𝑃!,!!

!!! 𝑃!,!!    

 𝑃!,!!
!!! 𝑃!,!!      𝑃!,!!

!!! 𝑃!,!!    

 𝑃!,!!
!! 𝑃!,!! +𝑚𝑁  𝑃!,!!

!! 𝑃!,!! +𝑚𝑂 

 𝑚𝑁
!! 𝑚𝑁 + 𝑁        𝑚𝑂

!! 𝑚𝑂 + 𝑂       

 𝑚𝑁
!! ∅   𝑚𝑂

!! ∅       

Post-translational layer 
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 𝑁
!! ∅   𝑂

!!" ∅   𝑂𝑁
!!! ∅     

 𝑁 + 𝑂
!!!" 𝑂𝑁        𝑂𝑁

!!!" 𝑁 + 𝑂     

Here 𝑃!,!!  represent the inactive (𝑗 = 0) and active (𝑗 = 1) states of the promoters of the two 

alleles (𝛼 = 1,2) of Nanog (𝑖 = 𝑁) and Oct4 (𝑖 = 𝑂). The Nanog and Oct4 promoters 

randomly switch their states with transition rates 𝑘±! and 𝑘±!. When in the active state, the 

promoters generate transcripts at rates 𝑘! and 𝑘!, and are assumed to decay with half-lives of 

ln 2/𝑘! and ln 2/𝑘!, respectively (Fig. S4A). Nanog and Oct4 transcripts are then translated 

at rates 𝑘! and 𝑘!, feeding the post-translational network of interactions depicted in Figure 1F 

of the main text, and implemented by the last 5 reactions in the discrete scheme above. Only 

these last 5 interactions are responsible of the correlations, and do not feed back to the 

unregulated transcriptional layer. The simulations of the NOC model shown in this paper are 

performed with an implementation of the Gillespie algorithm using the parameter values in 

Table SI. Parameter values of the mRNA and protein degradation are based on experimentally 

estimated half-lives (cf. Table SI and Fig. S3A,K). 

In the framework of the discrete model outlined above, the different culture conditions (S+L 

and 2i+L) are represented by the Nanog expression level. In particular, following recent 

experimental results ((Miyanari & Torres-Padilla, 2012; Navarro et al, 2012) and Fig. 1H, I) 

standard self-renewing (S+L) conditions are implemented by infrequent transcriptional bursts 

of Nanog expression (Figure S4A), while 2i+L conditions are modelled by substantially 

increasing of the frequency of the transcription events (Table SI and Figure S4B). This simple 

model is able to reproduce Nanog mRNA and protein distribution obtained experimentally in 

S+L and 2i+L conditions (compare Fig. S4C, E with Figs. 1I and S6A, respectively) and, to a 

certain extent, that of Oct4 levels (compare Fig. S4F with Fig. S6B).  

According to the model, the joint effect of continuous Oct4 expression with bursty Nanog 

transcription and the higher stability of Oct4 and O:N allows the system to explore the space 

above the boundary in S+L conditions (Fig. 1D,G). In 2i+L conditions, on the other hand, 

continuous expression of Nanog leads to uniform distribution of Nanog proteins (Fig. S4E), 

which are highly correlated to levels of Oct4 (Fig. 1E,G).  

To further assess the role of bursty Nanog expression in S+L conditions, we investigated the 

dynamics of Nanog expression in silico, using the NOC model. In this model, burstiness can 

be controlled without affecting the average levels of Nanog mRNA. This is achieved by 

modifying the mean residence-times in the active and inactive states of the Nanog promoters 

without modifying the ratio of time that the promoters are in the active state, i.e. a timescale 

parameter φ controls the activation and inactivation transition rates 𝑘!!
! = 𝜙 · 𝑘!! and 
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𝑘!!
! = 𝜙 · 𝑘!!. The upper and middle panels in Fig. S4I show that the parameter φ does not 

affect the ratio of promoter activity nor the average number of mRNA molecules. This 

parameter, however, does have a clear impact on the O/N correlation, as can be observed in 

the bottom panel in Fig. S4I: the slower the transition rates, the lowest the correlation 

achieved, as the system is allowed to remain without Nanog production enough time to 

become completely depleted (cf. Figs. S4K and J). Conversely, the faster (and less bursty) the 

Nanog promoter is, the higher O/N correlation is achieved, as in the case of 2i+L conditions 

(cf. Figs. S4K and L). 

Param. Value Units Description 

𝒌!𝟏 0.04 (S+L) 

0.1  (2i+L) 
h!! Nanog promoter activation rate  

𝒌!𝟏 1 h!! Nanog promoter inactivation rate 

𝒌!𝟐 0.1 h!! Oct4 promoter activation rate 

𝒌!𝟐 1 h!! Oct4 promoter inactivation rate 

𝒌𝟑 25 trans  h!! Nanog mRNA transcription rate 

𝒌𝟒 25 trans  h!! Oct4 mRNA transcription rate 

𝒌𝟓 100 prot  trans!!h!! Nanog translation rate 

𝒌𝟔 25 prot  trans!!h!! Oct4 translation rate 

𝒌𝟕 0.1 h!! Nanog mRNA degradation rate 

𝒌𝟖 0.1 h!! Oct4 mRNA degradation rate 

𝒌𝟗  (𝝀𝑵) 5 h!! Free Nanog degradation rate 

𝒌𝟏𝟎  (𝝀𝑶) 0.1 h!! Free Oct4 degradation rate 

𝒌𝟏𝟏  (𝝀𝑪) 0.1 h!! Nanog-Oct4 complex degradation rate 

𝒌!𝟏𝟐  (𝒌!) 0.2 prot!!h!! Nanog-Oct4 complex association rate 

𝒌!𝟏𝟐  (𝒌!) 0.5 h!! Nanog-Oct4 complex dissociation rate 

Table SI: Parameter values for the NOC model 

 

Generalisation of the NOC model to multimeric interactions 

The minimal NOC model assumes direct interaction between one Nanog molecule and one 

Oct4 molecule. However, this interaction can be easily extended to multimeric species, which 

have been reported (Carey et al, 2011; Mullin et al, 2008; Saxe et al, 2009). If, for instance, 

the interaction is accomplished through a complex involving a Nanog N-mer and an Oct4 M-

mer, the correlations will not change drastically provided the homomeric complexes are as 

unstable as their simple protein counterparts. What is expected to change is the ratio Oct4 to 

Nanog, which will tend to the rate M/N. To illustrate this generalisation of the NOC model, 
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we simulated the cases in which either both Nanog and Oct4 dimerize prior to interact (Fig. 

S5A,C), or Nanog forms a dimer and then is complexed with Oct4 (Fig. S5B,C). 

 

The TBON model 

In order to incorporate the effects of Tcf3 (T) and β-catenin (β) on the regulation of the 

pluripotency state, we developed an expanded protein interaction network model that extends 

the concept of stable complexes to those two proteins, and also includes the effect that 

culturing cells under 2i+L conditions has on their behaviour. In this model, we consider three 

binary protein complexes: Nanog and Oct4 are assumed to interact in a complex, as in NOC 

(O:N, (Fidalgo et al, 2012; Liang et al, 2008; van den Berg et al, 2010; Wang et al, 2006; 

Zhang et al, 2007)); β-catenin interacts with Oct4 (β:O, (Abu-Remaileh et al, 2010; Ding et 

al, 2012; Faunes et al, 2013; Kelly et al, 2011; Takao et al, 2007)) and β-catenin interacts, 

also with Tcf3 (β:T, (Shy et al, 2013; Yi et al, 2011)). Experimentally, we observe that the β-

catenin:Oct4 complex also includes a small amount of Nanog, thus indicating the existence of 

a ternary complex (β:O:N, Faunes et al. 2013) which we take into account in the model. The 

outline of the TBON model is shown in Figure 2B of the main text.  

Using QIF, we can measure experimentally the total levels of Oct4, Nanog, β-catenin and 

Tcf3 in single cells (Figure 2A of the main text and S6A-D). Using these measurements as a 

reference, the model attempts to reproduce the total quantities of protein species, which in this 

case are 𝑁! = 𝑁 + 𝑂:𝑁 + 𝛽:𝑂:𝑁, 𝑂! = 𝑂 + 𝑂:𝑁 + 𝛽:𝑂 + 𝛽:𝑂:𝑁, 𝛽! = 𝛽 + 𝛽:𝑂 + 𝛽:𝑇 +

𝛽:𝑂:𝑁, and 𝑇! = 𝑇 + 𝛽:𝑇 + 𝑃!,!! + 𝑃!,!!  (the latter two terms correspond to the Tcf3 

molecules that are bound to each of the two alleles of the Nanog promoter in its active state). 

As in the NOC model, two alleles (promoters) are considered for Nanog, Oct4 and Tcf3, 

whereas for β-catenin, the model assumes a constant supply of proteins to the system, which 

differs from cell to cell according to the observed variability of β-catenin (Fig. 1A in the main 

text, and S6C). The total amount of β-catenin that is available to the system might be 

determined from its different pools and their subcellular localization, as has been observed 

(Faunes et al, 2013). The TBON model concentrates on how the proteins regulate and interact 

with one another, the only transcriptional regulation included being the inhibition of Nanog 

by Tcf3 (blue arrow in Fig. 2B). 

To model the effect of 2i+L conditions, we used the experimentally observed increase in the 

levels of β-catenin after Chiron treatment (Faunes et al, 2013; Wray et al, 2011), and the 

increase in Nanog levels following PD03 treatment, induced by the influence that FGF 

signalling has on Nanog expression at the transcriptional level (Lanner et al, 2010; Luo et al, 
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2012; Wray et al, 2011; Wray et al, 2010). Following these observations, we represented the 

influence of 2i+L conditions as a double effect (red arrows in Figure 2B of the main text): 

first, Chiron is considered to stabilize β-catenin, which is modelled as a net increase in β-

catenin supply rate in the model; second, we consider that PD03 indirectly promotes the 

continuous expression of Nanog (it activates the promoter and facilitates transcription, Fig. 

S6K). This is introduced in the model as a parameter change (increase 𝑘!!, see Table SII 

below), which increases the rate of Nanog promoter activation. 

A key factor in this model, similarly to the case of the NOC model described above, is the 

difference in the stability of free Nanog with respect to the complex O:N complex. The set of 

reactions included in the model is: 

Nanog promoters  

 𝑃!,!!
!!! 𝑃!,!!     𝑃!,!!

!!! 𝑃!,!!  

 𝑃!,!! +  𝑇  
!!! 𝑃!,!!    𝑃!,!!

!!! 𝑃!,!! + 𝑇 

Oct4 promoters 

 𝑃!,!!
!!! 𝑃!,!!     𝑃!,!!

!!! 𝑃!,!!  

Tcf3 promoters 

 𝑃!,!!
!!! 𝑃!,!!     𝑃!,!!

!!! 𝑃!,!!  

mRNA transcription 

 𝑃!,!!
!! 𝑃!,!! +𝑚𝑁 𝑃!,!!

!! 𝑃!,!! +𝑚𝑂 𝑃!,!!
!! 𝑃!,!! +𝑚𝑇 

Protein translation 

 𝑚𝑁
!! 𝑚𝑁 + 𝑁       𝑚𝑂

!! 𝑚𝑂 + 𝑂       𝑚𝑇
!!" 𝑚𝑇 + 𝑇     

mRNA degradation 

 𝑚𝑁
!!! ∅  𝑚𝑂

!!" ∅        𝑚𝑇
!!" ∅     

β-catenin dynamics (availability of β-catenin to the system)  

 ∅
!!!

𝛽     𝛽
!!! ∅     

Protein degradation 

 𝑁
!!" ∅     𝛽:𝑂:𝑁

!!! ∅     
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 𝑂
!!" ∅       𝛽:𝑂

!!! ∅     

 𝑇
!!" ∅     𝛽:𝑇

!!" ∅     

 𝑂:𝑁
!!" ∅     

Complex formation 

 𝑁 + 𝑂
!!!" 𝑂:𝑁       𝑂:𝑁

!!!" 𝑁 + 𝑂     

 𝑁 + 𝛽:𝑂
!!!" 𝛽:𝑂:𝑁       𝛽:𝑂:𝑁

!!!" 𝑁 + 𝛽:𝑂   

 𝑂 + 𝛽
!!!" 𝛽:𝑂       𝛽:𝑂

!!!" 𝑂 + 𝛽   

 𝑇 + 𝛽
!!!" 𝛽:𝑇      𝛽:𝑇

!!!" 𝑇 + 𝛽   

 

The parameter values used for the simulation of wild-type cells in S+L conditions are shown 

in Table SII. Cell to cell variability in β-catenin levels is introduced in the parameter 𝑘!!, 

which follows a log-normal distribution with mean ln 𝜇!! and variance 𝜎!!
! . In S+L 

conditions the values used are 𝜇!! = 300 and 𝜎!!
! = 0.2, whereas in 2i+L conditions these 

are 𝜇!! = 700 and 𝜎!!
! = 0.6. 

The TBON model thus considers 8 protein species: 4 free proteins (O, N, β and T) and 4 

protein complexes (O:N, β:O, β:O:N and β:T). In addition, the transcriptional layer is 

modelled with 3 mRNA species (mN, mO, mT); and 14 binary variables that indicate the 

promoter states of each allele of Nanog, Oct4 and Tcf3 (P!,!α ,  P!,!α ,  P!,!α ,  P!,!α ,  P!,!α ,  P!,!α  and 

P!,!α , for α = 1,2). Although the model requires a total of 32 parameters to be set (Table SII 

and text above), 15 of these are required for the generation of the observed transcriptional 

fluctuations (gene transcription states and mRNA dynamics) and their values have been set to 

experimental estimates (Fig. S3A) or independently fit to transcription data (Fig 1I). The 

remaining 17 parameters are directly related to the 8 protein species (8 degradation rate 

constants, 8 association/dissociation rate constants and the rate at which β-catenin is made 

available to the network). Out of these, the degradation rates are chosen to reproduce the 

protein half-life data (Fig. S3), and the complex association/dissociation rates are mainly 

selected to replicate the correlation observations. Thus we have a wide variety of 

experimental data to constraint the parameter values of our model. 

Figures S6A-D show the distributions of Nanog, Oct4, β-catenin and Tcf3 proteins obtained 

experimentally from mES cells cultured in S+L or 2i+L conditions, while Figs. S6E-H show 
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their model counterparts. The theoretical mRNA distributions for Nanog and Oct4 are also 

shown (Fig. S6I,J) as well as the Nanog promoter status (Fig. S6K).  

The model provides predictions not only of the distributions of the total amount of protein, 

but also of its pools of sub-species and complexes. We represent the different pools of each of 

the proteins by means of the pie charts shown first in Figs. 2F (S+L) and G (2i+L) in the main 

text (and throughout in subsequent figures). The area of these charts is proportional to the 

average total amount of each protein in a given condition, which allows a comparison of the 

total amounts of proteins between different conditions. For instance, Figs. 2F,G show that 

total Nanog levels in S+L are significantly smaller that in 2i+L. In addition, each circle is 

split into sectors representing the different pools of protein complexes and free species, with 

area proportional the corresponding amount of protein. As an example, in standard self-

renewal (S+L) conditions, the levels of free Oct4 are much higher than in naïve 2i+L, where 

these are almost negligible (compare Figs. 2F and G). These pie-chart representations of the 

protein pools predicted by the model allow a direct comparison between signalling and 

genetic perturbations of the network. 

Because the amount of Nanog in the ternary complex is small, we also considered a model 

without a complex containing β-catenin and Nanog together; this simpler model reproduces 

well the experimental observations in Serum and LIF but does not account well for the 

behaviour in 2i. On the other hand, a model that assumes the existence of a binary complex 

between β-catenin and Nanog independently of the interaction of β-catenin with Oct4 is 

largely indistinguishable from the TBON model (data not shown). This is perhaps not 

surprising, as the predicted amount of Nanog in the ternary complex in S+L is small (3%) and 

therefore the manner in which it enters the complex should not influence the dynamics of the 

system. In fact, in such a model the three binary complexes O:N, β:O and β:N would lead to a 

stationary equilibrium whose time averages matches that of the model with the β:O:N 

complex. 

 

Parameter Value Units Parameter Value Units 

𝒌!𝟏 2  (S+L) h!! 𝑘!! 0.2 h!! 

𝒌!𝟏 8 (2i+L) h!! 𝑘!" 0.2 h!! 

𝒌!𝟏 2 h!! 𝑘!" 0.2 h!! 

𝒌!𝟐 0.005 trans!!h!! 𝑘!" 6 h!! 

𝒌!𝟐 2 trans!!h!! 𝑘!" 0.4 h!! 

𝒌!𝟑 0.4 h!! 𝑘!" 0.15 h!! 

𝒌!𝟑 2 h!! 𝑘!" 0.3 h!! 
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𝒌!𝟒 4 h!! 𝑘!!" 0.4 prot!!h!! 

𝒌!𝟒 20 h!! 𝑘!!" 1 h!! 

𝒌𝟓 50 trans  h!! 𝑘!!" 0.0001  prot!!h!! 

𝒌𝟔 50 trans  h!! 𝑘!!" 0.01 h!! 

𝒌𝟕 50 trans  h!! 𝑘!!" 100 prot!!h!! 

𝒌𝟖 50 prot  trans!!h!! 𝑘!!" 0.02 h!! 

𝒌𝟗 20 prot  trans!!h!! 𝑘!!" 20 prot!!h!! 

𝒌𝟏𝟎 8 prot  trans!!h!! 𝑘!!" 0.2 h!! 

	
     𝑘!! 0.1 h!! 

Table SII: Parameter values for the TBON model 

 

Parameter sensitivity analysis 

In order to assess the robustness of the model to parameter changes and ensure that it is not 

overfitted, we performed a sensitivity analysis of the post-translational parameters. We 

simulated the model with parameter perturbations of ±25% of the original value (taken from 

SL conditions) and estimated the O/N, B/N and B/O correlations. Figure S7 shows the result 

of this systematic sensitivity analysis. From these plots it is clear that the correlations are not 

largely affected by substantial changes in the parameter values. Importantly, the model is 

largely insensitive to changes in the complex association/dissociation rates. On the other 

hand, changes in some protein degradation rates, such as the rate of free Oct4 degradation 

(𝑘!"), the rate of free Tcf3 and β:T degradation (𝑘!"), or the rate of O:N induce mild changes 

in the O/N ratio. In all these cases, however, the O/N correlation coefficient remains in the 

range (0.4, 0.7). Thus the model results do not require an unrealistic overfitting of the 

experimental observations, while those observations provide us with sufficient constraints to 

identify the parameter region where the system operates.  

 

Effects of Chiron and PD03 on the activity of the network 

The simulations of the TBON allow us to analyse the separate effects that each of the 2i 

components has on the pluripotent state. To simulate in the effect of Chiron, all parameter 

values are taken from S+L conditions with the exception of the rate parameters for the 

production of β-catenin (𝜇!! and 𝜎!!
! ), which are taken from 2i+L conditions, as the amount 

of β-catenin is the main outcome of the application of Chiron. For the effects of PD03 all 

parameter values are taken from S+L conditions with the exception of the activation rate of 
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the Nanog promoter (𝑘!!), which is taken from 2i+L conditions, as the amount of Nanog 

relies on the release of the repressive effect of ERK. 

Notice that Chiron and PD03 have different effects on the core of the protein network: while 

Chiron increases the levels of β-catenin (as expected), the model suggests that PD03 mildly 

decreases them (Fig. S8A,B,G,J,K). On the other hand, PD03 induces higher expression of 

Nanog (since it acts on its promoter) (Fig. S8I), in agreement with experimental observations  

(Lanner et al, 2010; Miyanari & Torres-Padilla, 2012). The increase and stabilization of Oct4 

levels by Chiron (through its action on β-catenin) result in a reduction of the levels of free 

Oct4 (Fig. S8C,D,J,K). The effect of PD03 is also to reduce the levels of free Oct4, but in this 

case this is due to the high levels of Nanog that will interact with Oct4 and neutralize its pro-

differentiation activity (Fig. S8C,D,J,K). Overall, the different pools of free molecules and 

complexes vary depending on the relative amounts and stabilities of the complexes, which 

change from cell to cell, and over time (Fig. S8J,K). 

Bioinformatics analysis of Oct4 and Nanog targets  

A prediction of the TBON model is that an excess of Oct4 in ES cells is inversely related to 

their degree of pluripotency (see text for details and Figs. S6L,M and S8C,D). Our working 

hypothesis is that, when not interacting with Nanog or β-catenin, Oct4 promotes 

differentiation through the interactions with lineage determinants, and the activation and 

repression of markers and enforcers of lineage commitment. This notion finds some support 

in several ES cell expression (Loh & Lim, 2011; Nishiyama et al, 2009; Sharov et al, 2008) 

and DNA binding (Chen et al, 2008) data sets (see in particular 

http://www.maayanlab.net/ESCAPE, a database integrating high-throughput data of 

pluripotency in m/hESCs). In search of further evidence and support of our contention, we 

performed a comprehensive bioinformatics analysis of publicly available data looking at the 

genes regulated by Nanog and Oct4, jointly or individually and, most importantly, looking at 

the functional categories associated with these genes (gene-ontology analysis). To do this, we 

fused genomic gene expression profiling data from loss of function (LoF) and gain of 

function (GoF) experiments of Nanog and Oct4 with genome-wide chromatin-

immunoprecipitation (ChIP) data. ChIP data provides evidence on the direct protein-DNA 

binding interactions, whereas Loss and Gain of Function data gives information on 

functionality. In particular, in the latter case (LoF and GoF data) we considered those genes 

that were differentially expressed as possible Nanog or Oct4 targets irrespective if their 

expression is increased or reduced with respect to the control. In this manner, we aimed at 

finding those genes directly regulated (activated or repressed) by Oct4 or Nanog. 

Table SIII summarizes the data sets included in the reanalysis.  
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Experiment Publication Description 

Oct4 and Nanog 
Gain of 
Function 

(Nishiyama et al, 
2009) 

Conditions: MC1 cells with Tet-inducible Oct4 or Nanog 
transgene (knocked-in for ROSA-TET) in S+L conditions. 
Doxycycline removed 48h before harvesting. 
Platform: Agilent Mouse 44k mircorarray 
Data source: NIA Array Analysis 
http://lgsun.grc.nia.nih.gov/ANOVA/ 
Statistical criterion: Fold-Change greater than 1.5. 

Nanog  
Loss of Function 

(Loh et al, 2006) Conditions: E14 cells in S+L transfected with a plasmid 
expressing a Nanog siRNA sequence. 
Platform: Affymetrix Mouse Genome 430 2.0 microarray 
Data source: Loh et al. 2006 SOM 
Statistical criterion: Same Significance Analysis of 
Microarray (SAM) as in Loh et al. 2006, with median FDR 
lower than 0.001. 

Oct4  
Loss of Function 

(Sharov et al, 2008) Conditions: ZHBTc4 cells in S+Lwith Tetracycline. 
Harvested at 0, 3, 6, 12, 24, 48, 72, 96 and 108 hours. 
Platform: Agilent Mouse 44k mircorarray 
Data source: NIA Array Analysis 
http://lgsun.grc.nia.nih.gov/ANOVA/ 
Statistical criterion: Genes with a Fold-Change of the 
response magnitude (max. FC of the time-course) greater 
than 1.5, and FDR<0.05. 

Nanog and Oct4 
binding to DNA 

(Chen et al, 2008) Conditions: E14 cells in S+L. Chromatin 
Immunoprecipitation against Oct4/Nanog coupled with 
massively parallel short-tag-based sequencing (ChIP-seq) 
was used to map DNA binding locations. 
Data source: Chen et al. 2009 SOM 
Statistical criterion: Genes with a positive TF-Gene 
Association Score (Chen et al. 2009). 

Table SIII: Data sets included in the Bioinformatics analysis 

 

As the experiments were performed in different platforms, the first step in our analysis was to 

identify genes that were tested in all experiments. Using the Mouse Genome Informatics 

(MGI) Marker Accession IDs or, alternatively, their Official Gene Symbol, we matched 

17927 genes that were then tested for expression changes in both Nanog/Oct4 LoF and GoF 

microarray experiments. We applied specific statistical criteria to this list of genes 

(background) based on filtering by fold-change and thresholding p-values with the false-

discovery rate method, to identify differentially expressed genes (see Table SIII for details of 

specific statistical criteria used in each data set). In addition, we used ChIP-Seq data ((Chen et 

al, 2008) Table SIII) to tag genes as being bound by Nanog and/or Oct4. Figures S9A,B show 

the number of genes detected with each method.  

 

We consider a gene to be an Oct4 (Nanog) target if it is differentially expressed in either LoF 

or GoF experiments and, in addition, if there is evidence that Oct4 (Nanog) binds close to its 

transcription start, as established by a positive TF-Gene Association Score computed in (Chen 
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et al, 2008). Using this criterion we found 2716 Oct4 and 1328 Nanog target genes (see Fig. 

S9A,B and Supplementary File 1) with a significant overlap of target genes (438 common 

targets, Fisher’s exact test p-value<10-15, see Fig 3A), which we deem to be jointly regulated, 

but also a large amount of genes that are specific targets of either Nanog (890, 67%) or Oct4 

(2278, 83%) (Fig. 3 in main text). 

 

Given the significant but incomplete overlap of Nanog and Oct4 target genes detected, we 

wanted to explore if each of the three groups identified is associated with a particular 

biological function. To that end we used gene annotations from MGI 

(www.informatics.jax.org) and performed a standard Gene Ontology (GO) analysis with p-

values of Biological Process GO terms assessed by Fisher's exact test. Figure S3B in main 

text shows the general Biological Process terms that are more strongly overrepresented by 

Oct4 and Nanog common and specific target genes, with its associated significance value 

(measured by log!" 𝑝, where 𝑝 is the corresponding p-value). This figure shows that, while 

Cellular and Metabolic processes are highly overrepresented by Oct4 targets, Developmental 

processes are at least as well represented amidst the Oct4 targets as they are amidst the Nanog 

targets (756 of 2716 genes, p-value=1.1·10-15 for Oct4 while for Nanog 391 of 1328 genes, p-

value=2.2·10-11). This analysis indicates that while both factors target a large number of genes 

involved in developmental processes, Oct4 also has a very large number of targets associated 

with basic biochemical and cellular events. The significance of this targeting will have to be 

addressed experimentally. One other feature of our analysis is that neither Nanog nor Oct4 

targets are associated neither with late differentiation events nor with specialized activities of 

differentiated cells. 

 

Given the large number of GO terms overrepresented by, in particular, the list of Oct4 target 

genes, we focused our further analysis only on those terms of particular interest in 

pluripotency and early lineage differentiation. Specifically, we analysed GO terms that in 

their description contained at least one of the following words: “development”, 

“differentiation”,  “ectoderm”, “embryo”, “endoderm”, “epithelial”, “mesoderm”, 

“morphogenesis”, “neural”, “organ”, “stem” and “tissue”. We further filtered the search to 

those GO terms with at least 100 genes annotated, a depth on the GO graph of at most 3 (this 

is, either their parents or the parents of their parents are the “Biological Process” root term) 

and that at least one of the p-values of Nanog or Oct4 target genes was below 10-6. This 

procedure yielded a meaningful and hierarchical list of terms, which is shown in Fig. S9C, 

and that reveals that the set of Oct4 targets is, in part, made up of many 
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development/differentiation-related genes, which, unlike Nanog targets, are not involved in 

very specific differentiation processes. 

 

To conclude the comparison of Oct4 and Nanog targets, we tried to identify those genes with 

transcription factor (TF) and signalling (SGN) activity. For this purpose, we rely on the GO 

Molecular Function annotation from MGI (term GO:0003700: “sequence-specific DNA 

binding transcription factor activity”) or the Biological Process annotation (term 

GO:0023052: “signalling”). We were able to identify 175 Oct4 target genes and 86 Nanog 

target genes with TF activity, of which 40 are common targets. In the case of SGN activity, 

we recognised 669 Oct4 and 342 Nanog targets involved in signalling activity, 126 of which 

were shared (TF and SGN activity annotated in Supplementary File 1). Both TF and SGN 

activity was significantly overrepresented in Nanog and Oct4 target genes (Fisher exact test 

p-values  <2·10-10 for TF in Oct4, <2·10-5 for TFs in Nanog, <2·10-9 for SGN in Oct4 , <5·10-7 

for SGN in Nanog). Inspection of the list of TFs (Figs. 3A and S9E, right, and Supplementary 

File 1) reveals striking functional differences between the three groups: the jointly regulated 

TFs include elements of the core of the pluripotency network (Esrrb, Nanog, Oct4, Klf4, 6, 

Otx2), while targets of Nanog, and more clearly Oct4, include genes involved in lineage 

specification (members of the En, Fox, Gata, Hox, T-box, Zic families). The list of signalling 

molecules (Fig. S9E, left, and Supplementary File 1) also highlights the differences between 

the different targets: joint targets are not significantly enriched in any particular signalling 

class, though we notice the presence of Fgf4 and Fgfr2 in this list, both of which have been 

implicated in fate decisions in the early embryo (Guo et al, 2010). When looking at the list of 

specific targets of Nanog and Oct4, we observe an interesting symmetry with several Fgf 

genes as targets of Nanog, and many Fgf receptors and elements of Ras/ERK signalling as 

targets of Oct4, also including a number of Wnt genes (see Fig. S9E, left, and Supplementary 

File 1). 

 

Taken together, the analysis of GO terms and the identified TFs and SGN component targets, 

support the notion that an excess of Oct4 over Nanog will lead to the activation or repression 

of genes involved in differentiation. 

Simulation and results of the behavior of the network in different growth conditions and in 

mutants for its components elements. 

Figures S10-S16 display the results of simulations of the TBON model under different 

signalling conditions. This is theoretically achieved by adapting the parameter values of the 

equations and adding/removing reactions to the system based on known evidence and 
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experimental observations. Changes introduced in the model to account for these 

perturbations are summarized below, based on experimental observations. 

Nanog mutant cells (Figs. S10-S11) 

In the absence of Nanog, cells exhibit a high rate of differentiation, as shown in Alkaline 

phosphatase colony-forming assays (Fig. S10). In this experiment the behavior of Nanog 

mutant ES cells (44CRE6) was compared to that of their parental heterozygotes (CKO44); for 

details see (Chambers et al, 2007). The results show the outcome of assays in which 600 ES 

cells were plated at clonal density in Serum and LIF. After 12 hours the medium was changed 

to that indicated in the different conditions, and after five days the growth was stopped and 

Alkaline Phosphatase (a marker of pluripotency) was applied. Colonies were classified into 

four classes according to their structure and intensity of the stain (see right hand side of the 

figure for the different classes): white and loose colonies indicate differentiation, tight, pink 

and loose colonies represent undifferentiated cells; mixed colonies include differentiating 

(white) and undifferentiated (pink) cells; finally, compact ball-shaped dark-pink colonies (‘2i-

like’) were considered to be composed of cells in the ground state. Nanog mutant cells exhibit 

low clonality and high differentiation rate, which is rescued in 2i+LIF. Analysis of the 

components shows that this effect is largely due to Chiron, which acts on β-catenin. 

Figure S11A-D shows simulations of the behavior of Nanog null (Nanog-/-) cells in S+L. In 

these simulations, the activity of both Nanog promoters is eliminated, while all other 

parameter values are taken from S+L. For simulations in 2i+L conditions (Figs. S11E-H), 

parameter values are taken from 2i+L. Notice that the TBON model is able to predict the 

observed increased Oct4 and β-catenin levels in both culture conditions (Fig. S11B,C,F,G and 

4C) and predicts an increased number of free Oct4 molecules that is reduced upon 

stabilization of β-catenin (Fig. S11A,E). In the TBON we consider that PD03 acts promoting 

Nanog expression; in the absence of Nanog, this means that PD03 would have little effect as 

we observe experimentally (Figs. 4A and S10). 

β-catenin mutant cells (Fig. S12-13) 

Experimentally, we compared the results of the β-catenin-/- cells with the β-catenin+/- cells that 

were used as parental line to derive the mutants. The cells were grown in 2i+L conditions 

((Faunes et al, 2013; Wray et al, 2011) Fig. S12A-D). For the simulations we assume the 

following: in the heterozygous cells the supply of β-catenin is approximately halved 

(𝜇!! = 150 and 𝜎!!
! = 0.1), and all other parameter values are taken from 2i+L; in the 

mutant cells, β-catenin supply is completely removed (𝑘!! = 0), and all other parameter 

values are taken from 2i+L (Fig. S12E-L).  
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When β-catenin mutant cells are cultured in S+L, they have a high tendency to differentiate 

(Faunes et al, 2013; Wray et al, 2011). For this reason, we wanted to know what the TBON 

model would predict about the inner state of the cells under these conditions (Fig. S13). As in 

the 2i+L simulation, we considered that β-catenin supply is approximately halved in β-

catenin heterozygotes, (𝜇!! = 150 and 𝜎!!
! = 0.1), and all other parameter values are taken 

from S+L. For β-catenin null cells, β-catenin supply is completely removed (k!! = 0), and 

all other parameter values are taken from S+L. In this situation, the model predicts an 

increase in the free Oct4 and Tcf3 levels that could be responsible for the differentiation of 

these cells (Fig. S13F, and compare panels G with H). 

Tcf3 mutant cells (Fig. S14) 

To simulate Tcf3 mutant cells, the two Tcf3 promoters are removed from the system, while 

all other parameter values are taken from S+L. We additionally included observed 

experimental effects, in particular the reduction of Oct4 and β-catenin production (𝑘!! =

0.2, 𝜇!! = 150). One striking feature of the Tcf3 mutants is the existence a stable population 

of cells in the lower O/N ratio boundary, a population that does not normally exist due to the 

instability of free Nanog (Fig. S14F). This suggests a scenario in which the absence of Tcf3 

allows an increased stability of Nanog, therefore in our simulations we increased the stability 

of free Nanog (𝑘!" = 0.8) (Figs. 5C,D and S14G-N). All other parameter values are taken 

from S+L. 

For simplicity, the Tcf3+/+ parental cells are assumed to be identical (same parameter values) 

to the wild type Tg2A cells in S+L. 

 

Oct4 loss of function (Fig. S15) 

ZHBTc4 cells are Oct4 heterozygous cells in which the functional allele has been modified so 

that it is inactive and the other one is under doxycycline control (Niwa et al, 2002). Addition 

of doxycycline to a culture of these cells results in a rapid decrease in the levels of Oct4 (Fig. 

S15A-C). For the simulations we consider only one Oct4 promoter. Upon start of doxycycline 

treatment, Oct4 transcription is halted (𝑘! = 0), while all other parameter values are taken 

from S+L. The inability of maintaining the pluripotent state in these cells comes from the fact 

the Nanog levels constantly decrease as Oct4 disappears from the system. The decrease of 

Oct4 that we observe experimentally is well reproduced by the model simulation (compare 

panels B,C with E,F from Fig. S15). 	
  	
  

Oct4 overexpression (Fig. S16) 



20	
  
	
  

AG23191 cells overexpress Oct4 from a TetOFF system, so that removal of Dox from the 

culture leads to overexpression of Oct4 (Nishiyama et al, 2009). We simulate the behaviour of 

the TBON in these cells by considering an additional gene of Oct4 with continuous 

expression (𝑃!"!
!! 𝑃!"! +𝑚𝑂) with 𝑘! = 5, while all other parameter values are taken from 

S+L or Chiron conditions (see main text). Extra production of Oct4 in S+L conditions leads 

to stabilization of Nanog (Fig. S16C), which is not able to mop up all excess free Oct4 (Figs. 

S16F and 6Din main text). Extra β-catenin supply to the system via Chiron compensates the 

excess of Oct4 and reduces the levels of free protein to its normal condition (Figs. S16F and 

6D). 

 

Simulation of the decay of the TBON elements after cyclohexamide treatment 

Cyclohexamide treatment was used experimentally (Fig. S3) to estimate protein half-lives. In 

order to model cyclohexamide treatment for wild-type cells in S+L (Fig. S17) and compare it 

with the experimental results shown in Fig. S3, we consider that protein translation is halted 

(𝑘!, 𝑘!, 𝑘!", 𝑘!! = 0), and all other parameter values are taken from S+L. Notice that the 

simulations reproduce the distributions obtained experimentally. 

 

Effect of a self-repressive feedback loop on Nanog 

Recent experimental work points to the existence of a negative feedback loop of Nanog onto 

itself (Navarro et al, 2012). In order to investigate the effect of such feedback in the 

pluripotency network, we introduced new reactions in the TBON model to account for this 

regulatory step (Fig. S19A): 

 𝑃!,!! +  𝑁  
!!! 𝑃!,!!    𝑃!,!!

!!! 𝑃!,!! + 𝑁                          𝛼 = 1,2. 

These reactions describe the inhibition of the Nanog promoter by the binding to DNA of 

Nanog proteins. The strength of the feedback is controlled by rates of binding and unbinding 

(𝑘!! , 𝑘!!). We have investigated the case where the effect of the negative feedback is 

moderate (𝑘!! = 0.005, 𝑘!! = 2). 

Both in S+L and 2i+L conditions the effect of the negative feedback in the protein 

distributions and correlations is not altered (Fig. S18B-D). Figure S18E shows that in S+L, 

the active state (ON) in the Nanog promoters is not substantially altered by the presence of an 

autorepressive feedback, as the promoter is already in a highly repressed state. In 2i+L (Fig. 

S18F), however, the continuous production of Nanog mRNA is markedly reduced by the 

presence of Nanog autorepression. 
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Supplementary Figure legends: 

Figure S1: A transcriptional circuit fails to reproduce the protein correlation data. (A) 
Scheme of the core network maintaining pluripotency. In the figure, solid lines represent 

direct interactions and dashed lines depict indirect connections. (B) Simplified transcriptional 

regulatory network. (C) Behaviour of the system considering the network shown in B. The 

blue and green lines are nullclines of the deterministic equations. Each dot represents the state 

of a single cell obtained by stochastic simulation of the transcriptional model. For details see 

text. 

 

Figure S2: Effect of proteasome inhibition on Nanog, Oct4 and β-catenin. (A) 

Representative confocal images of E14Tg2A cells stained for Dapi (blue), Nanog (green), β-

catenin (red) and Oct4 (white) grown in S+L (upper panels) or treated with MG132 for 2h 

(lower panels). Scale bar: 50 μm. (B-D) Protein distributions of Nanog (B), Oct4 (C) and β-

catenin (D) in E14Tg2A cells in S+L (S+L) or treated with MG132 for 2 h (S+L MG 2h) 

indicate that 2h of proteasome inhibition lead to an increase in the levels protein levels and a 

reduction of the heterogeneity, as shown by the Coefficient of Variation (CV). Fluorescence 

levels (grayscale) were quantified for each individual cell from four colonies, binned in 

logarithmically spaced classes (x-axis); the frequency of each bin is shown on the y-axis. 

Experimental protein distributions in similar subsequent graphs were obtained using the same 

method. 

 

Figure S3: Measurements of Oct4, Nanog, Tcf3 and β-catenin half-lives. (A) β-catenin, 

Tcf3, Nanog and Oct4 mRNA half-lives (from (Sharova et al, 2009)). (B) Western Blot 

showing β-catenin, Tcf3, Nanog and Oct4 levels after treating mES cells for 0h (control), 2h, 

4h, and 8h with cyclohexamide (CHX). Tubulin is a loading control. (C-F) Scatter plots 

showing Nanog (x-axis), Oct4 (y-axis) and β-catenin (heat-map) levels in fluorescence 

arbitrary units (au; here and in subsequent similar graphs) in single E14Tg2A cells under 

standard S+L treated with DMSO (control, C) or CHX for 2h (D), 4h (E), or 8h (F). Each dot 

represents the levels in one single cell. (G-J) Comparison of WB and QIF results. Average 

levels of proteins normalized to levels at 0h. Dark colours show the results from the WB 

experiments, while lighter ones correspond to QIF measurements. Panel G shows the results 

for Nanog; H, for Oct4; I, for β-catenin; and J, for Tcf3. Half-life was determined by fitting a 

first order decay model in both WB data (grey line) and QIF data (not shown). (K) 

Comparison of the half-lives obtained results from WB and QIF. Notice that the 8h point in 
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QIF is higher than expected for β-catenin and Tcf3, and this might introduce a large 

extrapolation error in the half-life estimate. In these cases we simply consider that the half-

lives are on the order of 10h (asterisk). 

 

Figure S4: A minimal competitive protein interaction network: The NOC model. (A-B) 

Time traces of Nanog (blue) and Oct4 (green) promoter activity (upper panels), mRNA 

(middle panels) and protein (lower panels) levels in cells grown in S+L (A) or 2i+L (B) 

conditions. For simplicity, here and in subsequent figures, we include a light vanilla 

background when showing modelling results. (C) Simulated Nanog mRNA molecule 

distributions in cells grown in S+L (light blue line) and 2i+L (dark blue line). (D) Simulated 

Oct4 mRNA molecule distributions in cells grown in S+L (light blue line) and 2i+L (dark 

blue line). (E) Simulated Nanog protein distributions in cells grown in S+L (light blue line) 

and 2i+L (dark blue line). (F) Simulated Oct4 protein distributions in cells grown in S+L 

(light blue line) and 2i+L (dark blue line). (G) Sample trajectories simulated with the 

deterministic NOC model are depicted in the (N,O,O:N) state space, to show the effect of fast 

Nanog decay. Each trajectory has been given initial pulses of Nanog and Oct4 production of 

different amplitudes. (H) The same trajectories in (G) represented in the (Nt,Ot) space reveal 

the boundary at the O/N=1 ratio. (I) Nanog promoter dynamics is a key factor controlling the 

final O/N correlation. Variation of the promoter timescale φ does not affect the ratio of 

promoter activity (top) nor the average number of mRNA molecules (center) but modifies the 

O/N correlation (bottom panel). (J-L) Effect of the promoter timescale in the O-N distribution 

for 3 different cases. 

 

Figure S5: Generalisation of the NOC model to multimeric interactions. (A-B) Simulated 

scatter plots showing Nanog (x-axis) and Oct4 (y-axis) number of molecules under standard 

S+L (black dots) and 2i+L (red dots) conditions, considering that a Nanog dimer binds one 

Oct4 molecule (A) or an Oct4 dimer (B). Each dot represents one single cell. (C) Pearson 

correlation coefficient between Oct4 and Nanog (O/N) in cells cultured in S+L and 2i+L for 

the NOC model (black bars) and for the multimeric variants shown in panels (A) and (B) 

(grey and white bars respectively.). 

 

Figure S6: Details on the TBON model. (A-D) Protein distributions of Nanog (A), Oct4 

(B), β-catenin (C) and Tcf3 (D) in E14Tg2A cells grown in S+L (S+L, light colour lines) or 

in 2i+L conditions (dark colour lines), obtained as in Fig. S3. (E-H) Simulated protein 

distributions of Nanog (E), Oct4 (F), β-catenin (G) and Tcf3 (H) in E14Tg2A cells grown in 

S+L (S+L, light colour lines) and in 2i+L conditions (dark colour lines). (I) Simulated Nanog 
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mRNA molecule distributions in cells grown in S+L (light blue line) and 2i+L (dark blue 

line). (J) Simulated Oct4 mRNA molecule distributions in cells grown in S+L (light blue line) 

and 2i+L (dark blue line). (K) Average fraction of time Nanog promoters in each of the 

possible states: ON (active), OFF (inactive) and IN (inhibited) under the indicated culture 

conditions. (L) Simulated free Oct4 protein distributions in E14Tg2A cells grown in S+L 

(S+L, light colour lines) and in 2i+L conditions (dark colour lines). (M) Complementary 

cumulative distributions of free Oct4 molecules in the indicated growing conditions.  

 

Figure S7: Robustness of the correlations of the TBON model to parameter 

perturbations. A parameter sensitivity analysis of the TBON model indicates that the O/N 

(A), B/N (B) and B/O (C) correlations are not strongly affected by a 25% increase (maroon 

bars) or decrease (blue bars) in the post-translational parameter values. Vertical red lines 

indicating the Pearson correlation values in S+L simulated conditions are shown for 

comparison. 

 

Figure S8: Effects of Chiron and PD03 on the activity of the network. (A-B) Simulated 

scatter plots showing Nanog (x-axis), Oct4 (y-axis) and β-catenin (heat map) levels in single 

E14Tg2A cells under Chiron treatment (A) or PD03 (B). (C) Simulated free Oct4 protein 

distributions in E14Tg2A cells in the indicated conditions. (D) Complementary cumulative 

distribution of free Oct4 molecules in the indicated growing conditions. (E-H) Simulated 

protein distributions of Nanog (E), Oct4 (F), β-catenin (G) and Tcf3 (H) in E14Tg2A cells 

grown in Chiron (light colour lines) or PD03 (dark colour lines). (K) Average fraction of time 

Nanog promoters in each of the possible states: ON (active), OFF (inactive) and IN 

(inhibited) under Chiron or PD03 treatment. (J-K) Pie charts showing the relative pools of 

Nanog, Oct4, β-catenin and Tcf3 found as free molecules (dark colours) or as part of a 

complex (pale colours), as determined by the TBON model in cells treated with Chiron (I) or 

PD03 (J). 

 

Figure S9: TBON – Analysis of Oct4 and Nanog target genes. (A) Venn diagrams showing 

the sets of genes identified as differentially expressed in Oct4 Loss-of-Function (LoF) and 

Gain-of-Function (GoF) studies, and also genes for which there is evidence of Oct4 binding 

close to their DNA transcription start region. (B) Corresponding Venn diagrams for Nanog. 

(C) Nanog and Oct4 target genes mapped to their “biological process” gene ontologies. Only 

general categories are shown. (D) Network diagram showing the common and specific target 

genes of Nanog and Oct4 identified by our bioinformatics analysis. Red nodes indicate target 

genes with known transcription factor activity, green nodes denote genes with signalling 
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activity, and yellow indicate that both types of activity have been previously identified. (E) 

List of selected target genes, classified according to their transcriptional or signalling activity. 

 

Figure S10: Stability of pluripotency in Nanog mutant cells. Colony forming assays for 

Nanog+/+ and Nanog-/-cells under the indicated conditions. Colonies were assayed for alkaline 

phosphatase (AP, a marker for pluripotency) and scored as differentiated, AP negative or 

weakly positive, and undifferentiated, AP strongly positive. For details of classification, see 

text. (A) Absolute number of the different colony types from the relative percentages shown 

in Fig. 4A. (B) Relative percentages and (C) absolute numbers of the different colony types 

considering the addition of LIF to the cultured conditions. The micrographs show the 

different types of colonies observed.  

See SM text for details.   

 

Figure S11: Simulations of Nanog mutant cells in S+L and 2i+L. (A-D) Simulations of 

Nanog wild type and null cells grown in S+L conditions. (E-H) Simulations of Nanog null 

cells grown in 2i+L conditions. (A, E) Simulated free Oct4 protein distributions. (B, F) 

Simulated total Oct4 protein distributions. (C, G) Simulated total β-catenin protein 

distributions. (D, H) Simulated total Tcf3 protein distributions.  

 

Figure S12:Simulations of β-catenin mutant cells grown in 2i+L. (A-D) Experimental 

results of β-catenin+/- and β-catenin-/- cells grown in 2i+L conditions. (E-J) Simulations of β-

catenin+/- and β-catenin-/- cells grown in 2i+L conditions. (A,E) Nanog protein distributions. 

(B,F) Total Oct4 protein distributions. (C,D,G,H) Scatter plots showing Nanog (x-axis) and 

Oct4 (y-axis) single β-catenin+/- (C,G) and β-catenin-/- cells (D,H). (I) Simulated free Oct4 

molecule distribution. (J) Simulated free Tcf3 molecule distribution. (K) Pearson correlation 

coefficient between Oct4 and Nanog from the experimental data (grey bars), and in the 

simulations (black bars), in wild-type, β-catenin+/- and β-catenin-/- cells cultured in 2i+L. (L) 

Pie charts showing the relative pools of Nanog, Oct4, β-catenin and Tcf3 found as free 

molecules (dark colours) or as part of a complex (pale colours), as determined by the TBON 

model in β-catenin+/- cells grown in 2i+L. 

 

Figure S13: Simulations of β-catenin mutant cells grown in S+L. Simulations of β-catenin 

cells grown in S+L conditions. (A-B) Scatter plots showing Nanog (x-axis) and Oct4 (y-axis) 

single β-catenin+/- (A) and β-catenin-/- cells (B). (C-E) Total protein distributions of Nanog 

(C), Oct4 (D), and Tcf3 (E). (F) Simulated free Oct4 molecule distribution. (G-H) Pie charts 

showing the relative pools of Nanog, Oct4, β-catenin and Tcf3 found as free molecules (dark 
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colours) or as part of a complex (pale colours), as determined by the TBON model in β-

catenin+/- (G) and β-catenin-/- (H). 

 

Figure S14: Tcf3 mutant cells. (A) Representative confocal images of Tcf3+/+ (parental line, 

upper panels) and Tcf3-/- (lower panels) cells stained for Nanog (green), Oct4 (red), and total 

β-catenin (white) grown in S+L. Scale bar: 50 μm. (B-F) Experimental results of Tcf3+/+ and 

Tcf3-/- cells. (G-N) TBON simulations of Tcf3 mutant cells. (G) Simulated total Nanog 

protein distribution. (B) Simulated total Oct4 protein distribution. (C) Simulated total β-

catenin protein distribution. (D) Scatter plot showing Nanog (x-axis), Oct4 (y-axis) and β-

catenin (heat-map) in single Tcf3-/- cells. (E) Simulated free Oct4 molecule distribution. (F) 

Complementary cumulative distribution of free Oct4 molecules. (G) Nanog promoter activity 

in Tcf3+/+ and Tcf3-/- cells.  

 

Figure S15: Effect of Oct4 loss of function. Oct4 was depleted using ZHBTc4 cells, which 

contain a tetracycline-inducible Oct4 deletion. (A) Representative confocal images of 

ZHBTc4 cells cultured in S+L without DOX (upper panels) and with DOX for 24h (middle 

panels) and 48h (lower panels) stained for Tcf3 (green), Nanog (red), Oct4 (magenta) and 

total β-catenin (white). Scale bar: 50 μm. (B-D) Experimental results. (E-G) Simulations. 

(B,E) Scatter plots showing Nanog (x-axis) and Oct4 (y-axis) levels in single cells cultured in 

S+L (blue dots), or treated with DOX for 24h (green dots) or 48h (red dots). (C,F) Total Oct4 

protein distributions. (D, G) Total β-catenin protein distributions.  

 

Figure S16: Effect of Oct4 overexpression. Oct4 was overexpressed using AG-23191 cells, 

which contain a Dox-inducible Oct4 transgene (Nishiyama et al, 2009). (A-B) Experimental 

protein distributions of Oct4 (A) and β-catenin (B) in the indicated growing conditions. (C-E) 

Simulated protein distributions of total Oct4 (C), total β-catenin (D) and total Tcf3 (E). (F) 

Simulated free Oct4 distribution. (G-J) Experimental scatterplots showing Nanog (x-axis), 

Oct4 (y-axis) and β-catenin (heat-map) in single AG-23191 in the indicated growing 

conditions. (K-L) Simulated scatterplots upon Oct4 overexpression (K) and Oct4 

overexpression and Chiron treatment (L). 

 

Figure S17: Simulation of the decay of the TBON elements after cyclohexamide 

treatment. (A-D) Simulated scatterplots showing Nanog (x-axis), Oct4 (y-axis) and β-catenin 

(heat-map) in single Tg2A cells in S+L (A) or after stopping protein synthesis with 

cyclohexamide (CHX) for 2h (B), 4h (C) or 8h (D). Compare with the experimental results 

shown in Fig. S2C-F. (E-F) Simulated average protein levels after stopping protein synthesis, 
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normalized to time 0h. Interquartile range is shown as coloured bands as a measure of the 

evolution of the variance of the protein distributions. I) Nanog, Oct4, Tcf3 and β-catenin half-

lives estimated using TBON. 

 

Figure S18: TBON – Nanog self-repressive feedback loop. (A) Scheme of the core protein 

TBON network as shown in Fig. 2B, including a Nanog self-repressive feedback loop. (B-C) 

Simulated scatterplots showing Nanog (x-axis), Oct4 (y-axis) and β-catenin (heat map) 

considering a negative feedback loop in the indicated culture conditions. (D) Pearson 

correlation coefficient between Oct4 and Nanog (O/N), β-catenin and Nanog (β/N) and β-

catenin and Oct4 (β/O) from the experimental data (grey bars), and in the TBON simulations 

considering the feedback loop (black bars) in cells cultured in S+L and 2i+L. 

 (E-F) Nanog promoter activity considering the repressive feedback loop in cells cultured in 

S+L (E) or 2i+L (F). Here PT and PN indicate Nanog promoter repression by Tcf3 and Nanog 

respectively.  
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Fig.	
  S18:	
  TBON	
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  Nanog	
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